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Modeling and simulation of coating growth on nanofibers
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This work presents modeling and simulation results of a procedure to coat nanofibers and core-clad
nanostructures with thin film materials using plasma enhanced physical vapor deposition. In the
experimental effort that motivates the modeling, electrospun polymer nanofibers are coated with
metallic materials under different operating conditions to observe changes in the coating
morphology. The modeling effort focuses on linking simple models at the reactor, nanofiber, and
atomic levels to form a comprehensive model. Numerical simulations that link the concentration
field with the evolution of the coating free surface predict that as the Damköhler number is increased
the coating morphology changes from a wavy to a nodular to a dendritic needle-type form as
observed experimentally. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3080128兴
I. INTRODUCTION

Electrospun-nanofiber-based structures are being developed for many different applications including energy conversion, filtration, composite reinforcement, and tissue engineering scaffolds.1–3 The nanofibers are being incorporated
into the structures to take advantage of their large surface
area to mass ratio. For example, in energy conversion, emitting structures can be heated uniformly and maintain mechanical stability when made of small fiber scaffolds that
support the emitting material. In filtration, the overall capture
efficiency increases when nanofibers are incorporated into
the filter media and evenly dispersed throughout the media.
The properties of these structures will rely, at least in part, on
the interface between the nanofibers and the surrounding material or media. In ceramic matrix composites, for example,
one would like to have a weak interface between the fiber
and the matrix. To achieve the desired properties, the surface
of the nanofibers must be controlled. The nanofiber surface
may be controlled by the synthesis approach or through postprocessing. In the latter situation the surfaces can be modified after synthesis using liquid4 or vapor phase
techniques.2,5–7
This paper is a continuation of Refs. 8–11. Those works
presented a coordinated experimental and modeling program
for the synthesis of core/clad and hollow nanowire structures. Physical vapor deposition techniques were used to apply coatings to electrospun polymer nanofibers. These fibers
have been coated with films of copper, aluminum, titanium,
zirconium, and aluminum nitride by using a plasma enhanced physical vapor deposition 共PEPVD兲 sputtering
process.11,12 The fiber samples were supported 8 cm above a
sputtering target and the reactor operating conditions varied
pressures between 4 and 40 mTorr and power between 30
and 150 W.
Figures 1共a兲–1共c兲 show poly共m-phenylene isophthalamide兲 共MPD-I兲 nanofibers coated with aluminum nitride. The
a兲
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approximate thickness of the coating was controlled by the
sputtering process. The coating morphologies 共labeled wavy,
nodular or needle type兲 shown in Figs. 1共a兲–1共c兲 were observed as the deposition rate was increased. The deposition
rate was increased by increasing the ratio of argon to nitrogen in the PEPVD reactor; the larger ratio of argon creates a
more intense plasma leading to increases in sputtering and
the rate of deposition.
The previous works8–11 derived and solved the model
both analytically and numerically under restrictive assumptions. In particular, Ref. 9 assumed a single-valued coating
morphology, a nearly circular coating, and a concentration
field that was only radially dependent and that was independent of the location of the coating-free surface. Reference 10
removed these assumptions but considered a parameter set
that was restricted to small values of the Damköhler number.
Reference 11 placed no restrictions on the Damköhler number but kept the single-valued assumption. Under these assumptions the analytical calculations and numerical simulations in the previous works predicted the development of the
wavy coating morphology, as shown in Fig. 1共a兲 but did not
predict any of the other morphologies. Based upon benchmarking studies of the model against experimental data as
processing parameters are varied, it appears that the model
we have developed predicts trends for the coating evolution
on nanoscale structures that agree with experimental observation. Specifically, operating conditions that lead to high
quantities of coating material 共concentration Cⴱ in the discussion to follow兲 result in thicker and rougher coatings. The
coating thickness also increases with increasing initial fiber
diameter. The coating roughness increases with increasing
initial fiber diameter, pressure, and power, and decreasing
nanofiber mat porosity. However, increases in power lead to
an increase in etching at the coating surface. This could result in a decrease in coating thickness.
The present work does not impose the above restrictive
assumptions and considers numerical simulations of the concentration field that couple with level set simulations of the
evolution equation for the coating free surface. Hence, this
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predict that as the Damköhler number 共the ratio of the rate of
deposition on the fiber to the rate of neutral species transport
by diffusion兲 is increased the coating morphology changes
from a wavy to a nodular to a needle-type form as observed
experimentally and shown in Figs. 1共a兲–1共c兲. Hence, this paper suggests that variation in the rate of deposition, as measured by the Damköhler number, provides a possible explanation for the occurrence of different coating morphologies
as observed experimentally. Unfortunately, we do not know
the value of the Damköhler number in the experiments that
generated Fig. 1.
II. SINGLE FIBER COATING MODEL

To aid the understanding of the deposition process, a
comprehensive model for the coating of nanofibers within a
traditional PEPVD system was described in Refs. 8–11. In
this model the transport of neutral species is separated into
two components: 共1兲 a one-dimensional reactor-scale model8
and 共2兲 a two-dimensional local nanofiber-scale model.9–11
These models are linked as follows: the reactor-scale model
provides the far-field 共half the distance away from an adjacent fiber兲 input of the neutral species concentration, Cⴱ. At
the local nanofiber scale, a polar coordinate geometry is considered in Refs. 9 and 11, while an axisymmetric geometry is
discussed in Ref. 10. Level set and evolution equation approaches are used to simulate the coating shape. Four basic
components of the coating mechanism are included in these
approaches. These are attachment kinetics, curvature effects,
etching due to ion bombardment, and surface diffusion on
the coating front. These equations were solved analytically
and numerically under a variety of limiting assumptions as
discussed above. This manuscript eliminates all of these assumptions and presents a numerical simulation of the full
problem for both polar and axisymmetric geometries.
A. Model formulation

In Ref. 8 the dimensional concentration Cⴱ of the neutral
species at the reactor scale was found to be the constant,
Cⴱ =

FIG. 1. TEM images of aluminum nitride coated nanofibers. 共a兲 Wavy coating morphology. 共b兲 Nodular coating morphology. 共c兲 Needle-type coating
morphology.

work not only verifies the simplifications made in previous
analyses, but also considers operating regimes not accessible
under the simplifying assumptions. The model simulations

kions
,
k

共1兲

where k is a reaction coefficient for sputtered material readsorbing to the target surface and kions is the desorption rate
coefficient for sputtering due to ion bombardment of the target surface. These rate coefficients depend on the collisions
between ions and neutral atoms, the ion flux to the surface,
and the ion kinetic energy. These quantities are functions of
the reactor pressure and power supplied to the target, which
determine the ion number density, n̂ p, in the plasma. The
number density increases with the power and pressure and is
most sensitive to changes in the power13 under the reactor
operating conditions used. The applied power and the pressure are both assumed controllable and therefore specified by
the operator. Therefore, all constants that appear within this
model are either material properties or can be experimentally
controlled, at least in principle. Values for k and kions are
listed in Figs. 7–9 of Ref. 8. These values are listed in Table
I and used in the calculations below.
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TABLE I. Parameter values.

surface. Both kF and kFions vary with the collisions between
ions and neutral atoms, the power and pressure, and are obtained from Fig. 10 of Ref. 9. Further, as shown in Ref. 9,
these quantities also vary with the angle of incidence of the
bombarding ions. Thus, it is possible that in an array of fibers, individual fibers may experience different values of kF
and kFions. This observation will be elaborated upon in the
results section. Typical values for kF and kFions are listed in
Table I.
The normal velocity of the coating front, v̂n, is needed to
simulate the film growth at this length scale, using the level
set method. The normal front velocity is taken to be

054317-3

Parameter
C
⌫ˆ

Value

ⴱ

−36

1.5⫻ 10

mole/ nm3

0.0505 nm
6.5⫻ 10−3 nm3 / s

 sD s

6 ⫻ 1014 nm2 / s

D̂
ŜF
k
kions
kF
kFions

300 nm
3.0⫻ 1011 nm/ s
4.5⫻ 10−25 mole/ nm2 s
1.0⫻ 1013 mole/ nm2 s
5.58⫻ 10−26 mole/ nm2 s

Hence, the concentration Cⴱ is determined in the reactor
as a function of the reactor operating conditions. This concentration field serves as the far-field input for the local
transport model. We assume that the nanofiber mesh is sparse
and that the concentration Cⴱ away from a nanofiber is unaffected by any loss of depositing species due to deposition.
This approximation is valid for fibers spaced several diameters apart as discussed in Ref. 11. Note also that the units of
concentration are mole/volume, the units of k are length/
time, and the units of kions are mole/ 共area⫻ time兲.
For the local nanofiber-scale transport model around a
single nanofiber, we consider a polar geometry for discussion
purposes although we present results for an axisymmetric
geometry as well. The goal is to determine the location, r̂
= F̂共 , t̂兲, of the front of the deposited coating. Assume the
source of the deposition material is given by Cⴱ, and is located at r̂ = ŜF, where ŜF is half the average spacing between
fibers in the mat. Since Cⴱ is a result of the sputtering process and depends on the reactor operating conditions, we
have linked the local and global models through the condition at r̂ = ŜF.
Within the local region surrounding a fiber 关F̂共 , t̂兲 ⱕ r̂
ⱕ ŜF兴, assume that the concentration ĉ of deposition precursors 共neutral gas molecules兲 is large compared to the ion
concentration, and that the mode of transport of the deposition material is primarily governed by diffusion,

冋

册

1
1
ĉt̂ = D̂ ĉr̂r̂ + ĉr̂ + 2 ĉ ,
r̂
r̂

共2兲

where D̂ is the diffusivity. In this equation and in the following equations subscripts denote partial differentiation with
respect to the subscripted variable.
At the coating front 关r̂ = F̂共 , t̂兲兴, the diffusive flux of
neutral species equals the net rate of deposition due to 共i兲
deposition 共or reaction兲 from the bulk phase and 共ii兲 desorption due to ion bombardment of the coating surface. These
two processes correspond to the respective terms on the right
hand side of the boundary condition,
D̂ ⵜ ĉ · n̂ = kFĉ关1 − ⌫ˆ ˆ 兴 − kFions .

共3兲

Here kF is a reaction coefficient, ⌫ˆ is the capillary length
scale, ˆ is the curvature of the front, and kFions is the desorption rate coefficient due to ion bombardment of the coating

v̂n = kF␤ĉ关1 − ⌫ˆ ˆ 兴 − ␤kFions − sDs⌫ˆ

2ˆ
,
 ŝ2

共4兲

where ␤ is the molar volume, ŝ is the arc length along the
coating front, and s is the thickness of the coating film that
participates in the surface diffusion phenomenon. The units
for ␤ are determined by ␤ = 共mwt兲共1 / density兲 = vol/ mole,
where the density is that for the coating in the solid phase
and mwt is the molecular weight of the coating material.
All of the terms in Eq. 共4兲 are evaluated on the front, r̂
= F̂共 , t̂兲. The first two terms in this equation are the contributions to the normal velocity due to deposition and desorption, and the third term is diffusion along the coating surface.
Here Ds is the diffusivity of the adatoms on the coating surface.
The coating surface is given by
r̂ជ共,t̂兲 = F̂共,t̂兲关cos ជi + sin ជj 兴,

共5兲

so that the curvature of the front is

ˆ 共,t̂兲 =

F̂2共,t̂兲 + 2F̂2共,t̂兲 − F̂共,t̂兲F̂共,t̂兲
关F̂2共,t̂兲 + F̂2共,t̂兲兴3/2

共6兲

.

The normal vector to the coating front is

n̂ =

具F̂ sin  + F̂ cos ,− F̂ cos  + F̂ sin 典

冑F̂2 + F̂2

.

共7兲

The normal front velocity, v̂n, is also defined by

v̂n =

dr̂ជ
dt̂

· n̂.

共8兲

Setting Eq. 共4兲 equal to Eq. 共8兲 allows one to develop an
evolution equation for the shape of the coating front.
The governing equations and boundary conditions are
nondimensionalized using the following scalings:

054317-4
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Dimensional variable
ĉ

Scale
Cⴱ

r̂

ŜF

t̂

ŜF / 共KF␤Cⴱ兲

ŝ-arc length

ŜF

FFt

冑F2 + F2

DkF = 共kFŜF兲/D̂,
⌫ = ⌫ˆ /ŜF ,
KFŜF␤Cⴱ
D̂

1
1
QFct = crr + cr + 2 c,
r
r

for

F共,t兲 ⬍ r ⬍ 1.

共9兲

Here, F共 , t兲 = F̂共 , t̂兲 / ŜF is the dimensionless coating thickness. We impose two spatial boundary conditions upon the
concentration field. At the edge of the local region 共r = 1兲, the
concentration is uniform as predicted by the reactor-scale
model
共10兲

c = 1.

At the edge of the coating 共r = F共 , t兲兲, we apply the dimensionless version of Eq. 共3兲,

冑1 + 共F/F兲2

= DkFc关1 − ⌫兴 −

kFionsŜF
CⴱD̂

,

共11兲

where

=

F2 + 2F2 − FF
关F2 + F2兴3/2

共12兲

is the nondimensional curvature.
The coating front velocity 共4兲 in dimensionless form is
具Ft cos ,Ft sin 典 · 具共F sin 兲,共− F cos 兲典

冑F2 + F2

=

sDs⌫ 共/冑F2 + F2兲
␤CⴱKFŜF2

冑F2 + F2

.

共14兲

A similar axisymmetric version of this evolution equation
has been derived and solved in Ref. 10.
References 9 and 10 solve Eqs. 共9兲–共14兲 by assuming
that c is independent of , and by evaluating Eq. 共11兲 at rF,
the average initial radius of the uncoated nanofiber. Under
these approximations, the concentration field is not affected
by perturbations in the coating surface. These approximations are not made in the present numerical simulations.
B. Numerical simulations

Ⰶ 1,

where DkF, the Damköhler number, is the ratio of the rate of
deposition on the fiber to the rate of neutral species transport
by diffusion, and QF is the ratio of the rate of front motion to
the rate of diffusion of the neutral species.
The nondimensional governing equation for concentration is

cr − 共F/F2兲c

kF
kF
c关1 − ⌫兴 − ionsⴱ
KF
K FC
−

where KF is a constant representing the average value of kF.
Dimensionless variables are hatless. These scalings lead to
the following nondimensional groups:

QF =

=

kF
 2
 sD s
kF
c关1 − ⌫兴 − ionsⴱ −
⌫ 2.
KF
K FC
␤CⴱKFŜF2  s

共13兲

Note that 2 / s2 = 共 / 冑F2 + F2兲 / 冑F2 + F2 is the second derivative of the curvature with respect to arc length, and so
Eq. 共13兲 takes the form

In the level set formulation, the position of the deposition front is tracked implicitly by the signed distance function  = 共xជ , t兲 共where  = 0 corresponds to the location,
F共 , t兲, of the front at time t兲. One method of tracking the
evolution of such interfaces is that introduced by Ref. 14.
The evolution of the signed distance function is determined
by


+ V兩ⵜ兩 = 0,
t

共15兲

where V is the extension velocity field. This velocity is a
function defined everywhere such that it matches v̂n given
above for the normal front velocity at locations where  = 0.
In the results presented in this work, the above equation was
approximated using a conservative scheme15 for nonlinear
Hamilton–Jacobi equations with convex Hamiltonian utilizing fourth order Weighted Essentially Non-Oscillatory
共WENO兲 approximations of the spatial derivatives and a
third order Total Variation Diminishing 共TVD兲 Runge–Kutta
approximation for the time derivative. Fourth order differencing of the curvature and surface Laplacian terms in Eq.
共13兲 was accomplished utilizing the formulation proposed by
Ref. 16. In this work, we also utilize a localized 共“tube”兲
level set method as described in Ref. 17, so that the level set
equations are only solved in a localized band of grid cells
centered around the zero level set.
Growth of the fiber coating is slow compared to the diffusion of the materials to the deposition front. As a result, at
each time step of the front evolution 关controlled by Eq. 共15兲兴,
one must solve the steady-state version of Eq. 共9兲: with the
boundary conditions 共10兲 and 共11兲. Because this work utilizes a very refined grid near the deposition front, this steadystate diffusion equation was solved on a nonuniform grid
with the smallest cells 共near the front兲 being 1/2400th of the
computational domain, and the largest 共near the outer boundary兲 being 1/150th. For details concerning such approaches
see 共for example兲.18
The full concentration problem 共9兲 is solved for the standard parameter set in Table I and varying values of kF to
consider a range of values for DkF. The concentration at the
front is used in the deposition term in the normal velocity
expression 共13兲, and hence is needed in the level set algo-
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FIG. 2. Morphology of the coating front 共contours represent 10 s intervals
of growth兲 for varying values of DkF and multiple initial bumps. 共a兲 DkF
= 5, polar geometry. 共b兲 DkF = 5, axisymmetric geometry.

FIG. 3. Morphology of the coating front 共contours represent 10 s intervals
of growth兲 for varying values of DkF and multiple initial bumps. 共a兲 DkF
= 30, polar geometry. 共b兲 DkF = 30, axisymmetric geometry.

rithm to determine F共 , t兲. Ref. 11 conducted benchmarking
studies of the model against experimental data using a very
similar parameter set, and demonstrated that the model we
have developed predicts trends for the coating evolution on
nanoscale structures that agree with experimental observation.

continue evaluation of the model predictions by simulating
the general trends of coating thickness and morphology in
response to parameter changes.
Figures 2–6 depict the morphology of the coating, in
polar and axisymmetric geometries, as the Damköhler number increases. The contours shown in these figures represent
the coating front locations at 10 s intervals of growth. Specifically, we varied the value of kF from 1013 to
1015 mole/ nm2 s, while holding ŜF and D̂ fixed, to vary DkF
in these figures. Additionally, for these simulations the initial
fiber radius is 50 nm. The parameter set, Table I, leads to a
coating thickness of around 30 nm in 6 min of deposition
time, consistent with experimental observation.11 The initial
fiber shape is circular with 0.5–1 nm high by 1–3 nm wide
bumps superposed on the fiber surface at random locations

III. NUMERICAL SIMULATION RESULTS

References 9–11 focused on the influence of model parameters on the coating thickness, morphology, and wavelength. Basic results indicate that when DkF is large, the
deposition dominates and bumps will grow, leading to a
rough surface. When DkF is small, diffusion dominates and
dips will fill in faster, leading to a smoother surface. We
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FIG. 4. Morphology of the coating front 共contours represent 10 s intervals
of growth兲 for varying values of DkF and multiple initial bumps. 共a兲 DkF
= 75, polar geometry. 共b兲 DkF = 75, axisymmetric geometry.

around the circular surface. At small values of DkF the simulations predict a wavy type coating. As DkF increases the
coating morphology becomes nodular. Further increases in
DkF result in dendritic looking needles.
As the coating first develops a mushroom-type shape for
the nodular morphology, the pinching together of the peaks
may result in a further reduction of concentration in the valleys. This causes the peaks to grow faster than the valleys
and a needlelike formation results. This phenomenon, known
as self-shadowing, has also been considered by19 through the
inclusion of relevant view factors for the impinging concentration flux over the surface, and by20–22 for coating onto flat
surfaces.
These results are summarized in practical terms as follows. Reference 9 finds that in a PEPVD reactor, kF increases
with power and pressure, both of which increase the kinetic
energies of the adatoms, and decreasing angle of incidence of

J. Appl. Phys. 105, 054317 共2009兲

FIG. 5. Morphology of the coating front 共contours represent 10 s intervals
of growth兲 for varying values of DkF and multiple initial bumps. 共a兲 DkF
= 300, polar geometry. 共b兲 DkF = 300, axisymmetric geometry.

the adatoms toward the surface 共measured from the normal
to the surface兲. Hence, smooth coatings may be achieved
with lower power and pressure, while rough coatings may
result from higher power and pressure. This statement is
valid given that the angle of alignment of the fibers relative
to the sputtering target is constant.
Figure 7 displays the calculated morphology of the coating for DkF = 600 and a single initial bump located at the 
= 0 location on the fiber surface. The perturbation obviously
leads to the growth of more than just the one needle, and the
growth is remarkably symmetric. This indicates that under
these growth conditions, a single small defect in the fiber
shape, or perhaps a small particle from homogeneous nucleation in the PEPVD chamber, could lead to a drastic change
in the coating morphology from a uniform circular shape.
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FIG. 7. Morphology of the coating front 共contours represent 10 s intervals
of growth兲 for DkF = 600 and a single initial bump located at  = 0.

Based upon this study and the parametric study of material parameters in Refs. 8–11 it appears that systems characterized by small attachment rates kF, high diffusive transport of material, high surface diffusion, and high etching of
coating material will have smoother coatings. On the other
hand, systems characterized by high attachment rates kF will
have rougher coatings that may eventually become nodular
or needlelike in shape. These results are easily summarized
through inspection of Eq. 共4兲. As the first term of this normal
front velocity expression, the deposition term, becomes
larger than the etching and surface diffusion terms, the morphology of the coating changes from smooth to rough.
With a validated model we can begin to predict how
coating properties will change with deposition conditions for
similar geometries. This predictive capability will be quite
useful as the size of solid state optoelectronic components
continues to decrease.
FIG. 6. Morphology of the coating front 共contours represent 10 s intervals
of growth兲 for varying values of DkF and multiple initial bumps. 共a兲 DkF
= 600, polar geometry. 共b兲 DkF = 600, axisymmetric geometry.

IV. SUMMARY AND CONCLUSION

The coating of nanoscale structures and the evolution of
crystalline structure at the nanoscale are and will continue to
be important issues. We have developed a comprehensive
model integrating across atomic to continuum length scales
for simulating the sputtering, transport, and deposition of
coating material onto a nanoscale substrate.8–11 In this paper
we conduct numerical simulations of the concentration field
that couple with level set simulations of the evolution equation for the coating free surface. The model simulations predict that as the Damköhler number is increased the coating
morphology changes from a wavy to a nodular to a needletype form as observed experimentally and shown in Figs.
1共a兲–1共c兲.
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